Group II introns encode reverse transcriptases that function in both intron mobility and RNA splicing. The proteins bind speci®cally to unspliced precursor RNA to promote splicing, and then remain associated with the excised intron to form a DNA endonuclease that mediates intron mobility by target DNA-primed reverse transcription. Here, immunoblotting and UV cross-linking experiments show that the reverse transcriptase activity encoded by the yeast mtDNA group II intron aI2 is associated with an intron-encoded protein of 62 kDa (p62). p62 is bound tightly to endogenous RNAs in mitochondrial ribonucleoprotein particles, and the reverse transcriptase activity is rapidly and irreversibly lost when the protein is released from the endogenous RNAs by RNase digestion. Non-denaturing gel electrophoresis and activity assays show that the aI2 reverse transcriptase is associated predominantly with the excised intron RNA, while a smaller amount is associated with unspliced precursor RNA, as expected from the role of the protein in RNA splicing. Although the reverse transcriptase in wild-type yeast strains is bound tightly to endogenous RNAs, it is regulated so that it does not copy these RNAs unless a suitable DNA oligonucleotide primer or DNA target site is provided. Certain mutations in the intron-encoded protein or RNA circumvent this regulation and activate reverse transcription of endogenous RNAs in the absence of added primer. Although p62 is bound to unspliced precursor RNA in position to initiate cDNA synthesis in the 3 H exon, the major template for target DNA-primed reverse transcription in vitro is the reverse-spliced intron RNA, as found previously for aI1. Together, our results show that binding to intron-containing RNAs stabilizes and regulates the activity of p62.
Group II introns encode reverse transcriptases that function in both intron mobility and RNA splicing. The proteins bind speci®cally to unspliced precursor RNA to promote splicing, and then remain associated with the excised intron to form a DNA endonuclease that mediates intron mobility by target DNA-primed reverse transcription. Here, immunoblotting and UV cross-linking experiments show that the reverse transcriptase activity encoded by the yeast mtDNA group II intron aI2 is associated with an intron-encoded protein of 62 kDa (p62). p62 is bound tightly to endogenous RNAs in mitochondrial ribonucleoprotein particles, and the reverse transcriptase activity is rapidly and irreversibly lost when the protein is released from the endogenous RNAs by RNase digestion. Non-denaturing gel electrophoresis and activity assays show that the aI2 reverse transcriptase is associated predominantly with the excised intron RNA, while a smaller amount is associated with unspliced precursor RNA, as expected from the role of the protein in RNA splicing. Although the reverse transcriptase in wild-type yeast strains is bound tightly to endogenous RNAs, it is regulated so that it does not copy these RNAs unless a suitable DNA oligonucleotide primer or DNA target site is provided. Certain mutations in the intron-encoded protein or RNA circumvent this regulation and activate reverse transcription of endogenous RNAs in the absence of added primer. Although p62 is bound to unspliced precursor RNA in position to initiate cDNA synthesis in the 3
Introduction
Mobile group II introns belong to the family of non-long terminal repeat (non-LTR) retroelements, a diverse group that includes the abundant human LINE (L1) elements and the R2 elements of insects (Eickbush, 1994) . Within this family, group II intron reverse transcriptases (RTs) are most closely related to those encoded by Neurospora crassa mitochondrial (mt) retroplasmids, bacterial retrons, and the catalytic subunit of telomerase (Eickbush, 1994; Nakamura & Cech, 1998) . Although the RTs of non-LTR retroelements use seemingly diverse priming mechanisms, a common feature is that all bind speci®cally to their template RNAs to help determine the site of initiation of cDNA synthesis (Wang & Lambowitz, 1993; Inouye & Inouye, 1993; Luan et al., 1993; Feng et al., 1996; Moran et al., 1996; Nakamura & Cech, 1998) . Based on their structural and functional similarities, we suggested that mobile group II introns may have been evolutionary progenitors of nuclear non-LTR retrotransposons and telomerase (Zimmerly et al., 1995a) .
Group II intron mobility is mediated by an intron-encoded reverse transcriptase that binds speci®cally to the intron RNA. The RT protein binds ®rst to unspliced precursor RNA to promote splicing by facilitating the formation of or stabilizing the catalytically active structure of the intron RNA. It then remains associated with the excised intron RNA to form a ribonucleoprotein (RNP) particle that uses both RNA and protein catalytic activities to promote mobility (Zimmerly et al., 1995a,b; Saldanha et al., 1999) . In the major mobility pathway, homing, group II introns transpose by a duplicative mechanism to the identical location in an intronless allele (Lazowska et al., 1994; Moran et al., 1995; Eskes et al., 1997; Mills et al., 1997.) Homing is remarkably ef®cient, occurring at frequencies of up to 95 % for yeast mtDNA introns and 10 % for bacterial introns. In addition to homing, group II introns also transpose at low frequency to ectopic sites that resemble the normal homing site, a process that may contribute to intron dispersal (Mueller et al., 1993; Sellem et al., 1993; Schmidt et al., 1994) .
Group II intron mobility was ®rst demonstrated for the aI1 and aI2 introns of the yeast mtDNA cytochrome oxidase subunit I (COX1) gene (Lazowska et al., 1994; Moran et al., 1995) . Like other mobile group II introns, aI1 and aI2 encode proteins having four conserved regions, which are in order from N to C terminus, region Z (unknown function), an RT domain, domain X (splicing function), and domain Zn (endonuclease activity; Mohr et al., 1993; Gorbalenya et al., 1994; Shub et al., 1994) The aI1 and aI2 open reading frames (ORFs) are closely related (50 % sequence identity), and both are translated from unspliced precursor RNAs as in-frame extensions of the preceding COX1 exons (Bonitz et al., 1980) . The resulting preproteins then undergo proteolytic processing to generate mature proteins of 68 kDa (p68) and 62 kDa (p62), respectively (Carignani et al., 1986; Moran et al., 1994) . Although the aI1 and aI2 proteins were reported to contain a retroviral protease-like domain (Doolittle et al., 1989) , recent ®ndings suggest that they may be processed by nuclear-encoded mt proteases (Arlt et al., 1998; van Dyck et al., 1998) .
Biochemical and genetic studies showed that the homing of aI1 and aI2 occurs predominantly by target DNA-primed reverse transcription (TPRT; Zimmerly et al., 1995a,b; Yang et al., 1996 Eskes et al., 1997) . This retrohoming mechanism is initiated by the intron-encoded DNA endonuclease, which contains the intron-encoded protein and the excised intron RNA. First, the excised intron cleaves and inserts precisely at the exon junction of the DNA target site by an RNAcatalyzed partial or complete reverse splicing reaction. Next, the antisense strand is cleaved ten nucleotides downstream by the intron-encoded endonuclease (Zn domain), and the RT uses the resulting 3 H hydroxyl as a primer for reverse transcription of the intron RNA. For aI1, the template for cDNA synthesis is the intron RNA that had reverse-spliced into the DNA target site (Eskes et al., 1997) , while for aI2, both the reverse-spliced intron and unspliced precursor RNA have been suggested to be templates (Zimmerly et al., 1995a,b) . Recent studies have shown that retrohoming of the L1.LtrB intron of Lactococcus lactis occurs via TPRT of the fully reverse-spliced intron RNA, with the cDNA copy of the intron integrated by a repair mechanism independent of homologous recombination (Cousineau et al., 1998) .
RT activity encoded by a group II intron was demonstrated initially in mt RNPs from yeast strains with the COXI alleles 1 2 P714T and 1 2 5Brec1 , both of which contain the point mutation P714T in the Zn domain of the aI2 protein (Kennell et al., 1993; Moran et al., 1995) . This mutation fortuitously leads to greatly elevated RT activity with endogenous templates, which enabled the initial detection of the activity. The RT activity in these mutants is speci®c for the aI2 intron sequence and uses both the excised intron and unspliced precursor RNA as templates. Mapping of 5 H ends of cDNAs synthesized in 1 2 5Brec1 mt RNPs showed two clusters of start sites, one centered in domain VI of the intron, and the other just downstream of aI2 in exon 3 of unspliced precursor RNA (Kennell et al., 1993) . We found subsequently that the P714T mutation inhibits antisense-strand cleavage preventing generation of the primer for TPRT, and consequently the mutant introns are essentially immobile (Moran et al., 1995; Zimmerly et al., 1995b) .
Here, we further characterized the yeast aI2 RT activity in both wild-type and mutant strains. Our results show that binding of the aI2 protein to intron-containing RNAs not only helps determine the site of initiation of cDNA synthesis, but also stabilizes the RT activity and may contribute to regulating both the amount of p62 and its dependence on the normal primer for TPRT. The latter regulation is circumvented in the 1 2 P714T and 1 2 5Brec1 mutants, as well as the mutant 1 2
ÁD5
which has a deletion of domain V of the intron RNA. Finally, although the aI2 protein is bound to unspliced precursor RNA in a position to initiate in the 3 H exon, we ®nd that the major template for TPRT in vitro is the reverse-spliced intron RNA, as found previously for aI1.
Results aI2 encodes a 62 kDa protein associated with mt RNP particles
To identify the aI2-encoded protein in mt RNP particles, we raised antibodies against a fusion protein, FPI2, which contains a 204 amino acid residue segment of the aI2 ORF (residues 346-549) linked to the maltose-binding protein. Immunoblots using these antibodies detected a 62 kDa polypeptide in mt RNP particles from wild-type strains 1 2 and 1 2 t , which contain aI2 (Figure 1(a ; lanes 6, 7, 9), and in 1 2 YAHH , which has missense mutations inactivating the aI2 RT (lane 10; see Table 2 and Moran et al., 1995 for strain descriptions). Two cross-reacting bands of $40 and 44 kDa were detected in all strains, including those that lack aI2. Although Figure 1(a) shows some variation in the level of 62 kDa protein among strains, repeat experiments showed that this was Figure 1 . Detection of the aI2-encoded protein by immunoblotting. (a) Immunoblot. Proteins associated with mt RNP particles (0.1 A 260 units) from different yeast strains were resolved by SDS-PAGE, blotted onto a nitrocellulose membrane, and incubated with antibodies against fusion protein FPI2, which contains a segment of the aI2 ORF. A 62 kDa polypeptide (p62) was detected in all strains that have aI2 RT activity (lanes 5-9; see Table 2 ), and in the mutant 1 2 YAHH , which produces inactive aI2 RT (lane 10), but not in strains lacking aI2 (lanes 11,12). Non-speci®c bands of $40 and 44 kDa bands were seen in all strains. Strain 1 2 5Brecl showed an additional $47 kDa band, which could result from degradation of the aI2 protein. (b) Silver-stained SDS/ polyacrylamide gel. The gel was run in parallel with that in (a). p62 was below the detection limit in all strains, except perhaps 1 2 ÁD5 (see arrow and asterisk). In both (a) and (b) known amounts of the FPI2 protein were included as standards. In the immunoblot shown in (a), the signal for the 50 ng FPI2 protein standard was beyond the linear range, but similar values were found for the amount of p62 in immunoblots in which the 50 ng standard was in the linear range. The numbers to the left indicate the sizes (kDa) and positions of molecular mass markers. (c) Copuri®cation of p62 with mt RNP particles. A mt lysate from the wild-type 1 2 strain was centrifuged through a 1.85 M sucrose cushion containing HKCTD to pellet mt RNP particles (see Materials and Methods). The sucrose cushion was divided into 1 ml fractions, and the RNP pellet (P) was dissolved in 1 ml of HKCTD. Portions (1 ml) of these fractions were assayed for RT activity with poly(rA)/oligo(dT) 18 and [ 32 P]dTTP, and 10 ml portions were analyzed by SDS-PAGE and immunoblotting to detect p62. RT activity and p62 were found primarily in the RNP pellet, while the bulk of mt proteins was found in fractions 5 and 6. The latter fractions show some crossreacting material (20, 40 and 45 kDa) and low levels of 32 P-dTTP-incorporation not associated with p62.
Group II Intron Reverse Transcriptase due mainly to variation between mt RNP particle preparations rather than strain differences (data not shown).
Silver staining of an equivalent gel showed that the 62 kDa aI2 protein constitutes a very minor fraction of the protein in mt RNP particles (Figure 1(b) ). In no case was a silver-stained band detected at the position corresponding to the immunoblot signal, except possibly a faint band in 1 2
ÁD5
, which is defective in splicing as a result of deletion of intron domain V (Figure 1(b) , arrow and asterisk). The amount of p62 in mt RNP particles estimated from either the immunoblot or silver-stained gel, both of which included known amounts of the FPI2 fusion protein as standards, is 2 to 20 ng per lane (0.32-3.2 pmol per A 260 unit; 0.2-2 % of protein). Likewise, Northern hybridizations using known quantities of in vitrotranscribed aI2 RNA as standards indicated that the amount of excised aI2 RNA is 0.90-2.8 pmol per A 260 unit (2-5 % of total RNA), roughly the same molar amount as the aI2 protein (data not shown). Immunoblotting showed that essentially all of the p62 in mt lysates from wild-type 1 2 and mutant 1 2 ÁD5 was recovered in mt RNP particle preparations after centrifugation through a 1.85 M sucrose cushion containing 0.5 M KCl buffer (Figure 1 (c) and data not shown).
Together, the above ®ndings indicate that most if not all of the p62 in mitochondria is tightly bound to endogenous aI2 RNAs. We were surprised to ®nd that the mutant 1 2 ÁD5 does not accumulate large amounts of unbound p62, since this mutant has elevated levels of unspliced precursor RNA from which p62 is translated (Moran, 1994 ; R. Eskes and P.S.P., unpublished results). This ®nding suggests that the amount of p62 is regulated to remain roughly stoichiometric to the amount of intron RNA.
p62 has RT activity
To test whether p62 has RT activity, we used an approach in which the RT was radiolabeled by UV cross-linking of its nascent 32 P-labeled cDNA product (adapted from Insdorf & Bogenhagen, 1989) . In these experiments, mt RNP particles from various strains were incubated with the RT substrate poly(rA)/oligo(dT) 18 , [a-32 P]dTTP, and the photoreactive nucleotide analog bromodeoxyuridine (BrdUTP) in the presence of RNase A to release the RT from endogenous templates (see below). (Since RNase A is speci®c for U and C residues, it does not digest poly(rA).) During the incubation, the preparations were UV-irradiated to cross-link the 32 P-labeled cDNA product to the RT. The preparations were then digested with micrococcal nuclease (MN) and analyzed by SDS-PAGE followed by autoradiography to identify the crosslinked RT species. Figure 2 shows that a 32 P-labeled 62 kDa band was detected in all strains that have aI2 RT activity (lanes 1-5), but not in the strains lacking aI2 (lanes 6, 7) or in the 1 2 YAHH mutant, which has an inactive RT (lane 8). Controls showed that labeling of the 62 kDa protein was dependent on UV light, BrdUTP, and a primed RNA template (data not shown). All strains with RT activity showed variable, usually faint signals near the top of the gel, possibly due to aI2 protein aggregates, as well as smaller bands of $34 and 40 kDa, which may be degradation products. Again, the amount of RT does not appear to be dramatically increased in 1 2
ÁD5
. An experiment in which a cross-linking gel was immunoblotted as in Figure 1 (a) prior to autoradiography con®rmed that the cross-link and immunoblot signals were superimposable (data not shown). We conclude that the RT activity is associated with the 62 kDa aI2 protein detected in immunoblots.
p62 is not easily separated from endogenous RNAs
In developing the exogenous template RT assay, it was necessary to digest the mt RNP particles with RNase A to permit use of the exogenous substrate poly(rA)/oligo(dT) 18 . Furthermore, the RNase had to be added during rather than prior to the reactions, suggesting that the RT rapidly loses Figure 2 . Identi®cation of the aI2-encoded RT by UV cross-linking to nascent 32 P-labeled cDNA. Reverse transcription reactions were carried out by incubating mt RNP particles (0.05 A 260 units) with poly(rA)/oligo(dT) 18 and RNase A in the presence of [a-32 P]dTTP and BrdUTP. After irradiation with 300 nm UV light, the samples were digested with MN and analyzed by SDS-PAGE, followed by autoradiography to detect proteins cross-linked to the nascent 32 P-labeled cDNA (see Materials and Methods). A 62 kDa protein was labeled in all strains that have aI2 RT activity. Molecular mass markers (kDa) are shown to the left. activity when released from endogenous RNAs in the absence of an RT substrate (Moran et al., 1995) .
Further insight into the behavior of the RT was obtained by performing endogenous and exogenous RT assays under different conditions. The data shown in Table 1 were obtained with mt RNP particles from the strain 1 2
P714T
, which has high endogenous RT activity (Kennell et al., 1993) , but equivalent data also were obtained with 1 2 mt RNP particles (data not shown). In 1 2
, the endogenous RT activity was detected readily by incubating the mt RNP particles with [a-32 P]dGTP plus other dNTPs, and was decreased to near background levels by boiling the RNPs prior to the reaction, as expected (lines 1 and 2). When assayed with the exogenous substrate poly(rA)/oligo(dT) 18 in the presence of RNase A to release the RT from endogenous RNAs, the level of incorporation was higher than in the endogenous assay (line 3). Little if any activity above background was detected with poly(rA) in the absence of the oligo(dT) 18 primer, or with poly(dA)/oligo(dT) 18 (lines 4 and 5). The RT activity also could be assayed with poly(rC)/oligo(dG) 18 in combination with RNase T 1 , which cleaves after G residues (line 12). However, the incorporation was eightfold lower than with poly(rA)/oligo(dT) 18 RNase A, likely because RNase T 1 leaves larger fragments that continue to sequester some of the RT.
To determine how readily the aI2 RT could switch from endogenous to exogenous substrate, we assayed mt RNP particles for RT activity in the presence of poly(rA)/oligo(dT) 18 , but without RNase A. Under these conditions, the RT activity with the standard concentration of poly(rA)/oligo(dT) 18 (0.1 mg/ml) was reduced to only 3 % that in the presence of RNase A (line 7), but increased to 12 % at a higher substrate concentration (0.5 mg/ml; line 8). Poly(rC)/oligo(dG) 18 could also compete for the RT at concentrations of 0.5 mg/ml (activity 50 % that in the presence of RNase T 1 ; line 13). Together with the quantitative recovery of p62 in mt RNP particle preparations (Figure 1 (c)), these results indicate that the RT is tightly bound to endogenous RNAs. However, the competition at high substrate concentrations shows that the RT can to some extent switch to another substrate.
Signi®cantly, when the mt RNP particles were digested with RNase A for ®ve minutes in the absence of the arti®cial substrate, the RT activity was reduced over 50-fold (line 9). The same loss of RT activity was observed when the mt RNP particles were digested with MN for one minute, while 10-60 % of the activity was retained if the digestion was carried out for only one to two seconds, followed by immediate quenching with EGTA, and addition of poly(rA)/oligo(dT) 18 (lines 10 and 11). Thus, it appears that the RT activity is lost rapidly when released from endogenous RNAs in the absence of a suitable substrate. 18 RNase AdT*, boiled RNP 1,300 AE 300 7 0.1 mg/ml poly(rA)/oligo(dT) 18 ,dT* 8,700 AE 600 8 0.5 mg/ml poly(rA)/oligo(dT) 18 dT* 30,000 AE 2,000 9 RNP predigested with RNase A, 5 minutes 4,000 AE 700 10 MN treatment, 1-2 seconds 88,000 AE 4,000 11 MN treatment, 1 minute 4,700 AE 2,500
C. Exogenous assays with poly(rC)/oligo(dG) 18 12 Poly(rC)/oligo(dG) 18 RNase T 1 dG* 34,000 AE 2,000 13 0.5 mg/ml poly(rC)/oligo(dG) 18 dG* 17,000 AE 2,000 14 0.5 mg/ml poly(rC)/oligo(dG) 18 dG*, no RNP 5,900 AE 1,000
Assays were carried out with 1 2 P714T mt RNP particles (0.025 A 260 units), as described in Materials and Methods. Endogenous RT assays: the assay (line 1) was carried out by incubating mt RNP particles with [a-32 P]dGTP (10 mCi; dG*) plus 0.2 mM of each of the other dNTPs. In line 2, the mt RNP particles were boiled for two minutes prior to the RT assay. Exogenous RT assays with poly(rA)/oligo(dT) 18 : the assay (line 3) was carried out by incubating mt RNP particles with [a-32 P]dTTP (10 mCi; dT*) and poly(rA)/oligo(dT) 18 (0.1 mg/ml) in the presence of RNase A (0.1 mg/ml); lines 4 and 5, assays with poly(rA) or poly(dA)/oligo(dT) 18 (0.1 mg/ml) substituted for poly(rA)/oligo(dT) 18 ; line 6, assay as above with boiled mt RNP particles; lines 7 and 8, assays with 0.1 or 0.5 mg/ml poly(rA)/oligo(dT) 18 in the absence of RNase; lines 10 and 11, assays with mt RNP particles digested with MN (0.5 mg/ml) for one to two seconds or one minute, respectively. Exogenous RT assays with poly(rC)/oligo(dG) 18 : assays were carried out as in B, but with [a-32 P]dGTP (10 mCi) and poly(rC)/oligo(dG) 18 (0.1 mg/ml) in the presence of RNase T 1 (0.1 mg/ ml) (line 12) or with poly(rC)/oligo(dG) 18 (0.5 mg/ml) in the absence of RNase T 1 (line 13). Activities are the mean AE standard error for three independent determinations.
The RT activity is labile after digestion of endogenous RNAs
To investigate further the decay of RT activity and its stabilization by added substrate, wild-type 1 2 mt RNP particles were preincubated with RNase A for different times. Figure 3 (a) shows that the RT activity was rapidly inactivated when preincubated with RNase in the absence of substrate or in the presence of poly(rA) (t 1/2 < 30 seconds), but was stabilized by poly(rA)/ oligo(dT) 18 (t 1/2 $ 20 minutes). The RT activity was not stabilized by double-stranded DNA, poly(dA)/ oligo(dT) 18 , or poly(rA)/oligo(dT) 18 ®lled in with dTTP by another RT (Figure 3(b) ), or by poly(dI)/ (dC) duplex, single-stranded DNA, or dNTPs (data not shown). The double-stranded DNA actually inhibited the RT activity, even without preincubation (Figure 3(b) ). These ®ndings indicate that an RT substrate consisting of an extendable DNA primer annealed to an RNA template is required to stabilize the RT activity.
Figure 3(c) shows that the loss of RT activity in the absence of poly(rA)/oligo(dT) 18 was not associated with detectable degradation of p62. Thus, the loss of activity likely re¯ects misfolding or dissociation of protein subunits when the RT is released from endogenous RNA. Supporting this conclusion, the inactivation was found to be temperature dependent, with the half-life <30 seconds at 37 C, >two minutes at 25 C, and >®ve minutes at 10 C (data not shown). Gel analysis con®rmed that the endogenous RNA was completely degraded by the added RNase at the lower temperatures (not shown). Further, the RT activity was not stabilized by a variety of additions, including bovine serum albumin, glycerol, nonionic detergent, and spermidine (data not shown). Together, these ®ndings indicate that the RT activity is intrinsically unstable when p62 is released from the intron RNA, and that the activity is not easily recoverable.
Effects of intron RNA and protein mutations on RT activity Table 2 compares endogenous and exogenous RT activities in mt RNP particle preparations from different wild-type and mutant strains. These data extend earlier reports that mt RNP particles from wild-type 1 2 and 1 2 t strains have very low activities with endogenous RNA substrates, but very high activities with exogenous substrates (lines 1 and 2; Kennell et al., 1993; Moran et al., 1995) . As expected, strains that lack the aI2 ORF Figure 3 . The aI2 RT activity is unstable when released from endogenous RNA, but can be stabilized by poly(rA)/oligo(dT) 18 . (a) and (b) RT assays after RNase digestion of mt RNP particles in the presence or absence of exogenous substrates. Wild-type 1 2 RNP particles (0.1625 A 260 units) were digested with RNase A (0.4 mg/ml) and RNase T 1 (0.5 U/ml) in 52 ml of 1.25 Â RT reaction medium (62.5 mM Tris-HCl (pH 7.5), 125 mM KCl, 2.5 mM MgCl 2 , 6.25 mM DTT) in the presence or absence of 0.125 mg/ml poly(rA)/oligo(dT) 18 or other nucleic acids. At the indicated times, 8 ml portions were assayed for RT activity with 10 mCi [a-32 P]dTTP and 0.1 mg/ml poly(rA)/oligo(dT) 18 in a ®nal volume of 10 ml. (b) The nucleic acids present during RNase digestion were double-stranded herring sperm DNA or poly(rA)/oligo(dT) 18 ®lled in with dTTP by Superscript RT (Life Technologies). Data are the mean AE the standard error for three determinations. (c) Immunoblot analysis. Wild-type 1 2 RNP particles (0.275 A 260 units) were incubated with RNase A (0.1 mg/ml) at 37 C in 88 ml of 1.25 Â reaction medium containing 0.125 mg/ml of either poly(rA)/oligo(dT) 18 or poly(rA). At the indicated times, 8 ml portions were assayed for RT activity with 10 mCi [a-
32 P]dTTP and 1 mg poly(rA)/oligo(dT) 18 in a ®nal volume to 10 ml. The reactions were stopped by adding EDTA to 10 mM and freezing on dry ice, and then analyzed by SDS-PAGE and immunoblotting to detect p62. The lane at the right shows mt RNP particles from strain C245, whose mtDNA is deleted for most of the COX1 and thus lacks p62.
(1 2 or 1 t 2 ) or are mutated at the RT active site (1 2 YAHH ) had near background activities in both assays (lines 6-8). In contrast, mutant strains 1 2
P714T
, 1 2 5Brec1 and 1 2 ÁD5 had high RT activity with both endogenous and exogenous substrates.
Signi®cantly, in both wild-type and mutant strains, the RT activity with exogenous substrates correlated with the amount of p62 detected by immunoblotting. However, in wild-type strains the RT activity with endogenous templates was much less than expected from the amount of p62 (cf. Figure 1) . We conclude that the RT activity in wild-type strains is inhibited from reverse transcribing endogenous templates, but that this inhibition can be relieved by the P714T mutation in the intron-encoded protein or the ÁD5 mutation in the intron RNA. These mutations result in de®ciency of the intron-encoded DNA endonuclease required to generate the primer for TPRT (Zimmerly et al., 1995b) . Consequently, the elevated RT activity with endogenous templates likely re¯ects the operation of an alternate priming mechanism (see Discussion).
Mutations in the conserved region of the Zn domain inhibit RT activity
We next assayed RT activity in mt RNP particles from a number of other Zn domain mutants. These strains include one with mutations in the H-N-H (nuclease-like) motif (1 2 HHVR ), two with mutations in the zinc ®nger-like motif (1 2 (Table 2 ; lines 9-13). The retention of other activities suggests that the Zn domain mutations do not grossly alter the structure of the aI2 protein, although a speci®c structural interaction between the RT and Zn domains remains possible. Alternatively, since the Zn domain is believed to be involved in DNA binding (Guo et al., 1997) , another possible explanation for the loss of RT activity is that these mutations affect the binding of the DNA primer required for reverse transcription.
p62 is associated predominantly with the excised intron RNA To identify the endogenous RNAs to which the RT is bound, we developed a procedure for analyzing mt RNP particles by non-denaturing gel electrophoresis. Figure 4 shows an experiment in which mt RNP particles from wild-type strain 1 2 and mutants 1 2 P714T and 1 2 5Brecl were separated in a non-denaturing gel, and then blotted to a nylon membrane and assayed for RT activity with either endogenous templates or poly(rA)/oligo(dT) 18 . After washing to remove unincorporated label, the blots were autoradiographed to detect 32 P-labeled cDNAs synthesized by the resolved RNP species.
With endogenous templates (Figure 4(a) ), the wild-type mt RNP particles gave negligible incorporation, as expected, while 1 2 P714T and 1 2 5Brecl
showed strong incorporation, primarily in a single Endogenous and exogenous RT assays were carried out with 0.025 A 260 mt RNP particles, as described in Materials and Methods. Activities are the mean AE the standard error for the numbers of mt RNP preparations and independent assays indicated in parenthesis. The columns to the right indicate splicing and mobility phenotypes, and strain characteristics (Kennell et al., 1993; Moran et al., 1995; Zimmerly et al., 1995b) . The recipient for mobility was 1 2 (GII-0) (Moran et al., 1995) . N.A. indicates not applicable because the strain does not contain the aI2 intron.
band that comigrated with excised aI2 RNA detected in a Northern blot of an equivalent gel (Figure 4(c) ). The mutant strains also showed some incorporation at heterogeneous, more slowly migrating positions, which could correspond to aI2-containing COX1 precursor RNAs (see Hensgens et al., 1983; Moran et al., 1994) . Signi®cantly, when the blots were digested with RNase and assayed with poly(rA)/oligo(dT) 18 (Figure 4(b) ), the wild-type strain as well as the mutants showed a strong band that comigrated with the excised aI2 intron RNA in the Northern blot (Figure 4(c) ). Figure 4(d) shows that the electrophoretic mobility of the RNP particles containing excised intron RNA was affected only minimally by extraction with phenol, suggesting that they contain few if any additional proteins besides p62. Together, these ®ndings demonstrate that most of the aI2 RT in both the wild-type and mutant strains is bound to the excised intron RNA, but that the RT in wild-type strains is prevented from using the bound endogenous RNA for reverse transcription.
Reverse transcription of endogenous RNAs by wild-type RT is stimulated by addition of DNA primers Previous work showed that unspliced precursor RNAs containing aI2 are reverse transcribed in 1 2 P714T and 1 2 5Brec1 mt RNP particles, with major cDNA start sites in 1 2 5Brec1 mapped just downstream of the intron in exon 3 (Kennell et al., 1993) . We reasoned that wild-type RT might also be associated with unspliced RNAs, but is unable to initiate because it requires the cleaved target DNA as a primer. To test this idea, endogenous RT reactions were carried out with mt RNP particles in the presence of the oligonucleotide HG1 (primer 10, below). The HG1 primer is a 25-mer complementary to exon 3, and its 3 H end (E3 11) corresponds to that of the cleaved antisense strand ordinarily used as a primer for TPRT. As shown in Table 3 , the addition of HG1 to mt RNP particles stimulated the endogenous RT activity by over 30-fold for wild-type 1 2 , and two-to threefold for mutants 1 2 P714T and 1 2 5Brec1 , which already have elevated RT activity with endogenous templates. The addition of HG1 had no effect on 32 P-incorporation by 1 2 YAHH , indicating that the stimulation in the other strains was due to the aI2 RT.
To investigate whether this stimulation is speci®c for the HG1 oligonucleotide, endogenous RT reactions were carried out with wild-type 1 2 t mt RNP particles in the presence of DNA oligonucleotides complementary to different regions of COX1 RNA ( Figure 5 ). Primers 9, 11 and 12, which are complementary to different positions in exon 3, gave levels of incorporation comparable to that obtained with the HG1 oligonucleotide (primer 10), whereas oligonucleotides complementary to exons 2, 4, and 5, and aI3 had little or no effect (primers 1, 13, 14 and 15). The only exon 3 primer that failed to stimulate was primer 8, whose 3 H end is exactly at the splice site. Oligonucleotides complementary to aI2 (primers 2-7) stimulated reverse transcription to lesser degrees. As a control, we con®rmed that representative primers that failed to stimulate reverse transcription could be used by Moloney murine leukemia virus (MMLV) RT added to the preparations (see Figure 5 ; primers 1, 2, 3, 13, 14, and 15), indicating that the non-stimulatory primers are accessible to a soluble RT. We conclude that stimulation of the endogenous aI2 RT activity is dependent on the position of the pri- P-incorporation with mt RNP particles incubated in the absence of primer (checked bar), or with MMLV RT in the absence of primer (®lled bar). Data are mean and standard error (error bars) for three independent assays. Oligonucleotides were: 1, E2JY; 2, aI2-A7; 3, aI2-A6; 4, aI2-A1; 5, aI2-A2; 6, aI2-A4; 7, aI2-A3; 8, E3-0; 9, E3 5; 10, HG1; 11, E3 15; 12, E3 20; 13, aI3; 14, E4; 15, E5. The schematic at the top shows the positions of the different oligonucleotides in the COX1 gene.
Group II Intron Reverse Transcriptase mer, and that some portion of aI2 RT is likely bound to unspliced precursor RNA in a position to initiate in the 3 H exon. The aI2 RT does not reposition freely to use primers annealed to other regions of COX1 precursor RNA.
Identification of template RNAs reverse transcribed in the presence of primers
To identify the RNA templates used in the presence of primers, reverse transcription reactions with 1 2 t mt RNP particles were limited to one minute, so that only short 32 P-labeled cDNAs would be produced. The mt RNP particles were then extracted with phenol, and the RNAs were resolved in non-denaturing agarose gels, so that the short 32 P-labeled cDNAs would remain annealed to the template RNA. Figure 6 shows that endogenous reactions in the presence of the exon 3 (HG1) primer resulted in the labeling of several large RNAs that migrate more slowly than COX1 mRNA, as expected for precursors (lane 2). Some of these putative precursors were detected in a Northern blot of parallel lanes hybridized with exon 3 or aI2-speci®c probes (lanes 9 and 10), but others constitute very minor species and were undetectable in the Northern blots. A small proportion of product comigrated with mature COX1 mRNA (1.8 kb), indicating either that some of the aI2 RT is associated with the mature mRNA or can relocate there when provided with a primer. In Southern hybridization experiments, the 32 P-labeled cDNAs synthesized in the presence of the HG1 primer under the standard reaction conditions hybridized strongly to restriction fragments containing aI2, E2, and E3, and weakly to E1, con®rming that aI2-containing precursor RNAs were used as templates (data not shown).
In contrast, with the intron-speci®c primer aI2-A6 (primer 3 in Figure 5 ), endogenous reverse transcription reactions resulted in the labeling of a single major band ( Figure 6 , lane 3) that comigrated with the excised intron RNA in the Northern blot (lane 10). Comparison of the HG1 and aI2-A6 reactions shows that the putative precursor RNAs are reverse transcribed as ef®ciently as the excised intron RNA, even though they are present in far smaller amounts. We note that the aI2-A6 primer did not comparably stimulate reverse transcription of intron sequences in unspliced precursor RNA (cf. lanes 2 and 3), suggesting either that this primer is not accessible to the intron in unspliced precursor or more likely that the RT active site is positioned differently on the precursor and excised intron.
In controls, MMLV RT added to the mt RNP particles in the presence of the HG1 and aI2-A6 primers copied the COX1 RNA species at levels that more closely re¯ect their relative abundance in Figure 6 . Identi®cation of templates used for endogenous reverse transcription reactions in the presence of DNA primers. Endogenous reverse transcription reactions were carried out with 1 2 t or 1 2 P714T mt RNP particles (0.025 A 260 units) for one minute in the presence or absence of 25 pmol of DNA oligonucleotides HG1 or aI2-A6, which are complementary to exon 3 and aI2 RNA, respectively (lanes 1-5). Products were extracted with phenol-CIA, precipitated in ethanol, and analyzed in a 1 % agarose gel containing 1 Â TBE, followed by drying and autoradiography. Lanes 6-8 show products of reactions in which 1 U MMLV RT (Life Sciences) was added after addition of the oligonucleotide. The lanes for reactions with added MMLV RT (lanes 6-8) were exposed for one-eighth of the time as those for reactions without MMLV RT. The right panels show Northern hybridizations of RNA extracted from 1 2 t mt RNP particles, blotted to Hybond, and probed with 5 H end-labeled DNA oligonucleotides HG1 (lane 9) or aI2-A6 (lane 10). The positions of the large and small subunit mt rRNAs (LSU and SSU) are shown to the left. the mt RNP particle preparations (lanes 6-8 compared with lanes 9 and 10). Notably, the strongest labeled band with the HG1 primer now corresponded to COX1 mRNA, which is more abundant than the unspliced precursor RNAs. The ®nding that the endogenous aI2 RT preferentially reverse transcribes the primed unspliced precursor RNAs indicates that it either is bound to or associates speci®cally with those RNAs.
Similar experiments were carried out with mutant mt RNP particles. In 1 2
P714T
, endogenous reverse transcription reactions in the absence of primer predominantly labeled the excised intron RNA, with a smaller proportion of label associated with unspliced precursor RNA (Figure 6 , lane 4), in agreement with the results of Figure 4 . The addition of the HG1 primer greatly enhanced the use of precursors relative to the excised intron (lane 5). Thus, the P714T mutation by itself differentially stimulates reverse transcription of the excised intron. The use of unspliced precursor RNAs was stimulated to some degree by the mutation, but remained largely dependent on addition of the primer. Primer-stimulated assays with the Zn domain mutants, 1 2 HHVR , 1 2
CxxC/1 , and 1 2 CxxC/2 gave the same patterns of products as 1 2 t , with 3-8 % of wild-type activity for either the HG1 or aI2-A6 primers (data not shown), suggesting that these mutants retain some minimal RT activity.
The major template for TPRT is the reverse-spliced intron RNA
The above results indicate that the aI2 RT in mt RNP particles can use both unspliced precursor RNA and excised intron RNA as templates in endogenous reactions. To distinguish which template is used for TPRT in vitro, TPRT reactions were carried out with a small (71 bp) doublestranded DNA target site (E2E3). By using small DNA target sites rather than the recombinant plasmids used previously (Zimmerly et al., 1995a) , the size of the associated template RNA can be determined directly by electrophoresis in a nondenaturing agarose gel.
The results are shown in Figure 7 . In the left-hand lanes, 1 2 t mt RNP particles were incubated with radiolabeled target DNA under conditions that support either reverse splicing but not reverse transcription (ÀdNTPs, lane 2) or reverse splicing and reverse transcription (dNTPs, lane 3). In both cases, the major products migrated as a doublet slightly behind free aI2 lariat RNA (lane 5) at positions expected for the aI2 intron RNA reversespliced into the 71 bp DNA target site. The doublet generated in reverse splicing was observed previously and attributed to different conformers of partially reverse-spliced lariat RNA linked to the DNA target site; in addition, a small proportion of fully reverse-spliced product comigrates with the upper band of the doublet (Zimmerly et al., 1995b) . Figure 7 shows that in either the presence or absence Figure 7 . The major template for target-primed reverse transcription (TPRT) is the reverse-spliced intron RNA. TPRT reactions were carried out by incubating 1 2 t mt RNP particles with a 71 bp target DNA (E2E3) containing the E2-E3 junction of the COX1 gene (see Materials and Methods). Products were extracted with phenol, precipitated in ethanol, and then resolved in a 1 % agarose gel containing 1 Â TBE, followed by drying and autoradiography. Lanes are: 1, 32 P-labeled target DNA substrate without incubation; 2, radiolabeled target DNA incubated with mt RNP particles in the absence of dNTPs (reverse splicing conditions); 3, radiolabeled target DNA incubated with mt RNP particles in the presence of dNTPs (TPRT conditions); 4, unspliced precursor RNAs identi®ed by synthesis of 32 P-labeled cDNA in a short endogenous RT reaction in the presence of oligonucleotide HG1 (see Figure 6 , lane 2); 5, intron lariat RNA identi®ed by synthesis of 32 P-labeled cDNA in a short endogenous RT reaction in the presence of oligonucleotide aI2-A6 (see Figure 6 , lane 3); 6, mt RNP particles incubated with [a- 32 P]dCTP plus other dNTPs (endogenous reverse transcription reaction); 7, mt RNP particles incubated with [a-32 P]dCTP plus other unlabeled nucleotides in the presence of unlabeled DNA target (TPRT reaction). The signals below the wells in lanes 4-7 are due to non-speci®c labeling of mtDNA, presumably by mtDNA polymerase present in the mt RNP particle preparation. Signals migrating faster than the reverse-spliced product in lanes 2 and 3 are from the substrate preparation (lane 1). In lane 7, the substrate was labeled nonspeci®cally by enzymes in the mt RNP particle preparation.
Group II Intron Reverse Transcriptase of dNTPs, the doublet migrated well ahead of unspliced precursor RNAs (lanes 2 and 3 compared to lane 4). Signi®cantly, when the TPRT reaction was carried out with unlabeled DNA target and radiolabeled nucleotides to detect nascent cDNAs, the labeled bands again comigrated with reversespliced doublet, and no distinct labeled bands were detected at the positions of unspliced precursor RNAs (lane 7). Based on the experiments with the HG1 primer (Figure 6 ), we expect nascent cDNAs synthesized from unspliced precursor RNA to remain associated with their templates in these gels.
Together, the above results indicate that the reverse-spliced intron RNA and not unspliced precursor RNA is the major template for TPRT in vitro. This conclusion was supported further by in vitro TPRT experiments in which sequence polymorphisms were placed at several positions between E3 2 and 10 of the DNA target site (E3 2 and 5, E3 5, and E3 8 in different experiments.) All of the products examined (131/131) had the 3 H exon sequence of the DNA target site, which then extended into the 3 H intron RNA sequence (data not shown). This ®nding indicates that during in vitro TPRT the RT begins by copying the 3 H exon of the DNA target site rather than pre-mRNA, and then continues into the reverse-spliced intron RNA.
Discussion
Here, we further characterized the RT encoded by the yeast mt group II intron aI2. Immunoblotting and UV cross-linking experiments showed that the RT activity is associated with a 62 kDa processed protein (p62). This size agrees with previous studies (Bergantino et al., 1990; Moran et al., 1994) , and by calculation suggests an N-terminal processing step that truncates $75 % of domain Z. It is possible, however, that p62 migrates aberrantly in SDS-PAGE and that some or all of domain Z is present in the mature protein. Notably, we detected neither the predicted 89 kDa primary translation product nor alternatively processed forms of the protein, suggesting that the RT, RNA splicing and DNA endonuclease activities are all associated with the same p62 polypeptide. p62 is bound tightly to endogenous RNA and stabilized by substrate binding
We ®nd that essentially all the p62 in mt extracts is bound tightly to endogenous RNAs and is recovered with mt RNP particles after centrifugation through 1.85 M sucrose cushions containing 0.5 M KCl. The aI2 RT is associated predominantly with the excised intron RNA in a complex that constitutes the DNA endonuclease, but a smaller proportion appears to be associated with unspliced precursor RNA, as expected from the role of the protein in splicing. The mobility of the excised intron RNP complex in non-denaturing gels is minimally affected by extraction with phenol, suggesting that there are few if any other protein constituents besides p62. This conclusion is consistent with recent results for the Lactococcal Ll.LtrB intron, which show that the intron-encoded protein and intron RNA are by themselves suf®cient for the DNA endonuclease and TPRT activities (Saldanha et al., 1999) .
Quantitative analyses indicate that p62 and aI2 RNA are present in mt RNPs at roughly stoichiometric amounts. Moreover, the amount of p62 remains relatively constant in a variety of mutant strains, including the splicing defective mutant 1 2
ÁD5
, which has elevated levels of unspliced COX1 precursor RNAs and was expected to accumulate large amounts of p62 translated from those RNAs. Together, these ®ndings suggest that the amount of p62 is regulated to prevent accumulation of excess protein. Such regulation could involve degradation of excess free protein or binding of p62 to unspliced precursor RNA to prevent translation.
The RT activity in RNP particles is rapidly lost when the protein is released from endogenous RNA by nuclease digestion, but can be stabilized by the presence of the RT substrate poly(rA)/oligo(dT) 18 . The inactivation is temperature-dependent and appears to re¯ect misfolding, which is irreversible under our conditions. The Lactococcal intron RT also has been shown to be stabilized by binding RT substrate, as well as intron RNA (Matsuura et al., 1997; Saldanha et al., 1999) , suggesting that instability of the free protein may be a common characteristic of group II intron RTs and possibly other non-LTR element RTs. This effect of substrate binding is reminiscent of hepatitis B RT, where the expression of active protein requires the presence of the template RNA binding site (Lanford et al., 1995) , and the Bombyx mori R2 element RT, where an RNA cofactor is required for second-strand cleavage by the associated DNA endonuclease activity (Luan et al., 1993; Yang & Eickbush, 1998) .
Reverse transcription of endogenous templates is inefficient in wild-type strains but can be stimulated by certain mutations Although wild-type p62 is bound tightly to endogenous aI2-containing RNAs, it does not reverse transcribe those RNAs ef®ciently unless provided with a DNA target site for TPRT (Zimmerly et al., 1995a) or a DNA primer complementary to aI2 or exon 3. The 3 H exon primers that activate reverse transcription mimic the 3 H end of the cleaved antisense strand normally used as the primer in TPRT (Zimmerly et al., 1995a) . Our results indicate that wild-type p62 is bound to endogenous templates positioned to initiate within the excised intron or in exon 3 of unspliced precursor RNA. The bound RT does not transfer readily to use poly(rA)/oligo(dT) 18 (Table 1) , and it does not relocate ef®ciently to use primers annealed to other regions of COX1 precursor RNA (Figure 5 ), or the HG1 primer annealed to the mature COX1 mRNA ( Figure 6, lane 2) . If transfer of the RT from the excised intron does contribute to the precursor signals in Figure 6 , it would have to be highly speci®c for aI2-containing RNAs that have an appropriately positioned primer. In either case, our results indicate that initiation of cDNA synthesis on endogenous templates in wild-type strains is regulated by the availability of an appropriate DNA primer.
The requirement for an added DNA primer is circumvented by certain mutations in the intronencoded protein (1 2 P714T and 1 2 5Brecl ) or intron RNA (1 2
). These mutations inhibit antisensestrand cleavage, which is required to generate the normal primer for TPRT, and activate reverse transcription of endogenous RNAs by an unknown mechanism in the absence of added primer. Previous studies with the 1 2 P714T and 1 2 5Brecl mutants showed that both the excised intron and unspliced precursor RNA are used as templates and that the cDNA initiation sites are clustered near the 3 H end of the excised intron and immediately downstream in the 3 H exon (Kennell et al., 1993) . Because the normal primer is now known to be unavailable in these mutants, these ®ndings provide further evidence that speci®c binding of p62 to unspliced precursor RNA is by itself suf®-cient to position the protein to initiate reverse transcription in exon 3 in the absence of added primer.
The ®nding that both protein and RNA mutations can activate the reverse transcription of endogenous templates indicates that the correct RNA-protein interaction is required to regulate the RT activity. The mutations could act either by perturbing RNA-protein contacts and/or by altering the conformation of p62. Previous primer extension and S 1 nuclease mapping of 5 H cDNA ends in 1 2 5Brecl did not detect an attached primer (Kennell et al., 1993) . Furthermore, the lack of a discrete cDNA initiation site in these mutants argues against the use of a speci®c primer basepaired to the RNA template. One possibility is that the alteration of the normal RNA-protein interaction unmasks the ability to initiate cDNA synthesis de novo, a mechanism used by the Mauriceville retroplasmid RT (Wang & Lambowitz, 1993) . Other possibilities include protein priming as found for hepatitis B RT (Wang & Seeger, 1992) , 2 H -OH priming as found for retrons (Inouye & Inouye, 1993) , or a non-basedpaired nucleic acid primer, an alternate mode of initiation used by the Mauriceville retroplasmid and telomerase RTs (Wang & Lambowitz, 1993; Wang & Blackburn, 1997; Melek & Shippen, 1996) . In the latter cases, the primer would have to be degraded or removed rapidly to account for the failure to detect it attached to 5 H cDNA ends.
The reverse-spliced intron RNA is the major template for TPRT in vitro
Our results show that reverse-spliced intron RNA is the major template for in vitro TPRT by p62 and thus do not support the previous suggestion that intron-containing precursor RNA is a primary template for cDNA synthesis (Moran et al., 1995; Zimmerly et al., 1995a) . That suggestion was based on the ®ndings that unspliced precursor RNA is used as a template for cDNA synthesis in the 1 2 P714T and 1 2 5Brecl mutants, now known to be immobile, and that aI2 homing is accompanied by ef®cient co-conversion of upstream¯anking exon sequences, but less co-conversion downstream (Moran et al., 1995) . However, subsequent studies with the aI1 intron showed that this pattern of co-conversion also could re¯ect a mixture of RT-dependent events involving the reverse-spliced intron and RT-independent events involving conventional DSBR (Eskes et al., 1997) . Those studies also indicated that TPRT of the reverse-spliced intron RNA can result in no co-conversion of exon sequences, if a full-length cDNA copy of the intron is integrated, but can also result in unidirectional co-conversion of upstream sequences. The latter would occur if the cDNA copy of the intron initiates DSBR on an intron-containing allele, or if the RT template switches to unspliced precursor RNA for completion of cDNA synthesis. Further evidence that aI2 uses multiple mobility pathways has been obtained by a detailed analysis of patterns of¯anking marker co-conversion using several new recipient strains (R. Eskes et al., unpublished results) .
Coordination of splicing and reverse transcription by p62
Combining our previous and current ®ndings, a model for the progression of the aI2 splicing and mobility reactions is presented in Figure 8 . First, the aI2 pre-protein is translated from unspliced COX1 precursor RNA, and undergoes proteolytic processing to the active (p62) form. p62 binds to unspliced precursor RNA either during or after translation and promotes aI2 splicing. Splicing may be a slow step because the oligonucleotidedirected RT assay showed detectable amounts of aI2 RT associated with aI2-containing precursor RNA.
Because the RT activity is unstable when released from endogenous RNAs, we hypothesize that p62 binds preferentially in cis to the RNA from which it was translated, a suggestion also made for the protein encoded by the Lactococcal Ll.LtrB group II intron (Saldanha et al., 1999) . Evidence for preferential cis binding also exists for mammalian LINE1 elements (Kazazian & Moran, 1998) . The binding of p62 to unspliced precursor RNA may facilitate correct folding of the protein while the protein simultaneously facilitates correct folding of the RNA. Our results suggest that the synthesis or turnover of p62 is regulated so that its amount remains roughly stoichiometric to that of intron RNA. Such regulation would have the bene®cial effect of limiting promiscuous reverse transcription of other mt RNAs. Nevertheless, both the aI1 and aI2 RTs must be able to function in trans to some degree, because they can complement mutant introns having defective maturases . In addition, they appear to be responsible for infrequent events in which group I or group II introns are deleted precisely from mtDNA (LevraJuillet et al., 1989) .
After splicing, p62 remains bound to the intron to constitute the site-speci®c DNA endonuclease that promotes intron mobility. Mobility is initiated by reverse splicing of the excised aI2 intron RNA into the sense strand of the DNA target site. Next, the associated endonuclease activity cleaves the antisense-strand to generate the primer for reverse transcription. Our results show that for aI2 as for aI1, the major template for TPRT in vitro is the reverse-spliced intron RNA. Thus, it is possible that the same molecule of p62 that was associated with the excised intron also cleaves the antisense strand and subsequently initiates cDNA synthesis. If so, some rearrangement of the complex must be required, since ®rst the Zn domain and then the RT active site have to be positioned at the 3 H end of the cleaved antisense strand. (p62) is translated from the aI2 intron in unspliced COX1 precursor RNA, and then binds to the RNA to promote splicing. After splicing, p62 remains tightly bound to the excised intron lariat RNA to constitute the DNA endonuclease that mediates mobility by TPRT. The RT activity of p62 is inactivated when the protein is released from endogenous RNAs by RNase digestion. Although the aI2 RT is associated with both unspliced precursor RNA and excised intron RNA, it does not reverse transcribe these RNAs unless provided with an appropriate DNA primer. Mutations in the aI2 protein (P714T) or RNA (ÁD5) stimulate reverse transcription of endogenous RNAs in the absence of the normal primer by an unknown mechanism. Mobility is initiated by reverse splicing of the intron into the sense strand of the recipient DNA and cleavage of the antisense strand at E3 10 to generate the primer for TPRT. Our results show that the major template for the aI2 TPRT in vitro is the reverse-spliced intron RNA, but it remains possible that a small proportion of the reaction uses unspliced precursor RNA.
The inability of wild-type mt RNPs to initiate cDNA synthesis from endogenous RNAs without a suitable primer generated by antisense strand cleavage effectively regulates the different activities of the RNP complex. It prevents premature reverse transcription of unspliced precursor RNA, which would impede RNA splicing, as well as premature reverse transcription of the excised intron RNA, which would likely inhibit the endonuclease activity and impede mobility. However, the requirement for the normal primer is not absolute. The low frequency aI1 and aI2-dependent intron deletion phenomenon noted above indicates that group II intron RTs are capable of initiating on other RNAs to some degree, perhaps by the same mechanism stimulated in the non-primer-dependent mutants.
Similarity of group II intron RTs to non-LTR retroelement and telomerase RTs
Considered together, our results show that p62 binding to aI2-containing RNAs not only helps determine the site of initiation of cDNA synthesis, but also stabilizes the RT activity and may contribute to regulating both the amount of p62 and its dependence on the normal primer. The phylogenetically related RTs encoded by the Mauriceville retroplasmid, bacterial retrons, and the R2Bm non-LTR-retrotransposon, as well as the telomerase RT also bind speci®cally to their RNA templates, and this binding helps determine the site of cDNA initiation by distinct, but related mechanisms. As discussed above, the speci®c binding of the R2Bm RT to its template RNA has been shown to regulate the DNA endonuclease activity that generates the primer for TPRT. The ®nding that p62 in the P714T and ÁD5 mutants may use an alternative priming mechanism is reminiscent of the situation for the Mauriceville retroplasmid RT, which uses several alternative priming mechanisms, including de novo initiation and DNA or RNA primers with little or no complementarity to the RNA template (Wang & Lambowitz, 1993; Chen & Lambowitz, 1997) . Telomerase RT ordinarily uses the 3 H end of a chromosomal DNA as a primer when it is basepaired to the endogenous telomerase RNA, but can also use non-base-paired primers to initiate telomere addition at chromosome breaks (Wang & Blackburn, 1997; Melek & Shippen, 1996) . Thus, this group of related RTs may be versatile enough to initiate cDNA synthesis by any of several mechanisms, only one of which predominates in the normal mode of action.
Materials and Methods

Yeast strains and growth conditions
The yeast strains used in this study have been described (Kennell et al., 1993; Moran et al., 1995; Zimmerly et al., 1995a,b) . All except 1 2 ÁD5 are derivatives of wild-type ID41-6/161 MATa ade1 lys1 (denoted 161). The intron composition of each strain is denoted by a convention in which a superscript indicates the presence of wild-type aI1 or aI2, a superscript o indicates the absence of an intron, and other superscripts refer to speci®c alleles. Wild-type 161 (1 2 ) contains both aI1 and aI2, whereas 1 2 t and 1 t 2 (denoted Á2rec1 by Kennell et al., 1993) lack aI1 and aI2, respectively. 1 2 P714T (C1036Á1 in Kennell et al., 1993; Moran et al., 1994) lacks aI1 and has a mobility-de®cient aI2 allele with the missense mutation P714T in the Zn domain of the aI2 protein. 1 2 5Brec1 contains the P714T mutation and three additional missense mutations in the N-terminal portion of the aI2 ORF, which is probably not present in the mature protein . 1 2 YAHH has the mutation YADD 3 YAHH in the RT domain (Moran et al., 1995) . 1 2 ÁD5 (nuclear genome of DBY947 MATa ade 2-101 ura 3-52) is deleted for domain V of aI2 (Moran et al., 1995 (Zimmerly et al., 1995b) . C245 is deleted for most of the COX1 gene, including aI2 . Growth of yeast strains in liquid culture was as described (Zimmerly et al., 1995b) .
Preparation of mitochondria and mt RNP particles
Mitochondria were puri®ed by¯otation in sucrose gradients, and mt RNP particles were isolated by ultracentrifugation of mt lysates through a 1.85 M sucrose cushion containing HKCTD (0.5 M KCl, 25 mM CaCl 2 , 25 mM Tris-HCl (pH 7.5), 5 mM DTT) as described (Zimmerly et al., 1995b) .
Antibody production
Antibodies were raised against fusion protein FPI2, which consists of the 43 kDa maltose-binding protein linked to a 204 amino acid residue segment of the RT domain of the aI2 protein (amino acid residues 346 to 549). The fusion protein was expressed from a plasmid containing a 612 bp segment of the wild-type 161 aI2 allele ampli®ed from pJVM4 (Kennell et al., 1993) by PCR with primers aI1-J1 and aI2-J2, and cloned between the XbaI and HindIII sites of pMAL-CII (New England Biolabs, Beverly, MA). After expression in Escherichia coli strain TB1, the fusion protein was puri®ed by chromatography on an amylose column, according to the manufacturer's protocol, and polyclonal rabbit antibodies were raised according to standard protocols at the Animal Resources Center of the University of Texas Southwestern Medical Center. Serum was puri®ed through a maltose-binding protein af®nity column to remove antibodies against the maltose-binding protein portion of FPI2, and the¯ow-through was puri®ed on a FPI2 af®-nity column (for details, see Moran, 1994) .
SDS-PAGE and immunoblotting
SDS-PAGE was according to Sambrook et al. (1989) using 0.1 % SDS-10 % polyacrylamide gels. Immunoblotting was carried out with the ECL western blotting kit (Amersham, Arlington Heights, IL) according to the manufacturer's protocol, with several modi®cations. The gels were blotted to nitrocellulose membranes (Schleicher and Schuell, Keene, NH); solutions used for the blocking Group II Intron Reverse Transcriptase step through the secondary antibody incubation contained 5 % (w/v) non-fat dried milk and 0.1 % (v/v) Nonidet P-40 (Sigma, St. Louis, MO); and the blocking step was with overnight shaking at 4 C. Incubation with primary antibody was for two hours at room temperature, and incubation with secondary antibody was for one hour at room temperature. Gels were silver stained as described by Blum et al. (1987) .
RT assays
RT assays were carried out with 0.025 A 260 units mt RNP particles in 10 ml of 50 mM Tris-HCl (pH 8.5), 100 mM KCl, 2 mM MgCl 2 , and 5 mM DTT. Assays with exogenous substrates included 1 mg poly(rA)/oligo(dT) 18 and 10 mCi [a-32 P]dTTP (3,000 Ci/mmol; Dupont NEN, Boston, MA) plus 1 mg RNase A (Sigma) to degrade endogenous RNAs. The poly(rA)/oligo(dT) 18 was prepared by mixing nine volumes of 1 mg/ml poly(rA) (Sigma) with one volume of 1 mg/ml oligo(dT) 18 , boiling for two minutes, and cooling on ice. Exogenous assays also were carried out with poly(rC)/ oligo(dG) 18 (Pharmacia, Piscataway, NJ) plus 10 mCi [a-32 P]dGTP (3,000 Ci/mmol; Dupont NEN) and 1 mg RNase T 1 (Boehringer Mannheim, Indianapolis, IN). Exogenous reactions were initiated by addition of mt RNP particles and incubated for ten minutes at 37 C. To measure the incorporation of 32 P-label into high molecular weight material, 9 ml portions of the reactions were spotted onto DE81 paper (Whatman, Fair®eld, NJ) and washed four times with 2X SSC (SSC is 150 mM NaCl, 15 mM sodium citrate) for ®ve minutes each time. The ®lters were then dried and quanti®ed by Cerenkov counting in a Beckman LS1801 scintillation counter. Background was determined for each set of reactions by a parallel incubation with a boiled RNP particle preparation. Optimal conditions were 50-300 mM KCl, 2-10 mM MgCl 2 , pH 8.0-8.5, and 30-37 C. Endogenous reverse transcription reactions included 200 mM dATP, dCTP, dTTP, and 10 mCi [a-32 P]dGTP (3,000 Ci/mmol; Dupont NEN). In some experiments, 25 pmol of a DNA oligonucleotide primer was added prior to addition of the RNP particles. The reactions were incubated for ten minutes at 37 C, and 32 P-label incorporated into high molecular mass material was measured by binding to DE81 paper, as described above.
For micrococcal nuclease (MN) digestion, 2 ml of mt RNP particles (0.025 A 260 units) was added to 3 ml of a prewarmed solution containing 20 units of MN (Sigma), 83 mM Tris-HCl (pH 8.3), 8.3 mM DTT, and 1.7 mM CaCl 2 . Digestion was for one to two seconds at 37 , followed by quenching with 1 ml of 50 mM EGTA. RT activity was assayed as above after the addition of 1 ml of 1 mg/ml poly(rA)/oligo(dT) 18 , 1 ml of 10 Â RT reaction buffer (see above), 1 ml of [a-32 P]dTTP (10 mCi, 3,000 Ci/ mmol; DuPont NEN), and 1 ml of distilled water.
Identification of RT by UV cross-linking to nascent 32 P-labeled cDNA
The protocol for UV cross-linking of nascent DNA was derived from that used by Insdorf & Bogenhagen (1989) to detect Xenopus DNA polymerase g. Mt RNP particles (0.05 A 260 units) was suspended in 8 ml of RT reaction buffer (see above) containing 1 mg poly(rA)/oligo(dT) 18 and 1 mg RNase A. After digestion for two minutes at room temperature, 1 ml of [a-32 P]dTTP (0.3 mM; 3,000 Ci/mmol; DuPont NEN) and 1 ml of 3.3 nM bromodeoxyuridine triphosphate (BrdUTP; Sigma) was added to initiate reverse transcription. The reactions were then immediately spotted onto the inside of a Petri dish, which was inverted and irradiated for ®ve minutes with a 300 nm UV transilluminator (Foto UV 300, Fotodyne, Inc.; Hartland, WI). After irradiation, the reactions were added to 15 ml of solution containing 20 units of MN (Sigma), 67 mM Tris-HCl (pH 8.3), 1.3 mM CaCl 2 , and 6.7 mM DTT and incubated for 15 minutes at 37 C to digest nucleic acids. Proteins were then precipitated by the addition of 175 ml of 50 mM Tris-HCl (pH 8.0), 1 % (w/v) SDS, 10 mM EDTA, 50 mg/ml lactoglobulin, and 200 ml of 20 % (v/v) trichloroacetic acid (TCA)/10 % (v/v) acetone, followed by incubation on ice for 30 minutes and microcentrifugation for ®ve minutes at 4 C. The protein pellet was dissolved in 10 ml of gel loading buffer (25 mM Tris-HCl (pH 9.5), 2 % (w/v) SDS, 2.5 % (v/v) b-mercaptoethanol, 5 % (v/v) glycerol and 0.01 % (w/v) bromphenol blue), with additional small amounts of Tris-HCl (pH 9.5) added when necessary to neutralize the TCA. Proteins were analyzed by electrophoresis in a 0.1 % SDS-10 % polyacrylamide gel, which was silver stained, dried, and autoradiographed.
Non-denaturing gel analysis of mt RNP particles
Mt RNP particles (0.25 A 260 units) were resolved in a 1 % agarose gel containing 0.5 Â TBE (45 mM Tris-borate (pH 8.3), 1 mM EDTA) at 4 C. The gel was blotted onto a positively charged membrane (Biotrans () Membrane; ICN, Costa Mesa, CA) with 20 Â SSC for 12 hours at 4 C. For endogenous RT assays, the blots were washed twice for ®ve minutes each time in 50 ml of incubation medium (50 mM Tris-HCl (pH 8.5), 100 mM KCl, 2 mM MgCl 2 , 5 mM DTT, 0.02 % (v/v) bovine serum albumin, and 0.5 % Nonidet P-40) at room temperature, and then transferred to sealable plastic bags with 10 ml of incubation medium. RT reactions were initiated by the addition of 200 mCi [a-32 P]dCTP and 0.2 mM each of dATP, dGTP and dTTP, incubated for 15 minutes at 37 C, and then chased with 0.2 mM dCTP for 15 minutes. After the reactions, unincorporated label was removed by three 15 minute washes in 250 ml of 10 % (v/v) TCA and 1 % (w/v) sodium pyrophosphate at 4 C, and the blots were then dried and autoradiographed.
For exogenous assays, the blots were pre-washed twice in 50 ml of incubation medium containing 0.1 mg/ ml poly(rA)/oligo(dT) 18 for ten minutes at 4 C, and then transferred to plastic bags containing 5 ml of incubation medium. Reactions were initiated by addition of 1 mg poly(rA)/oligo(dT) 18 , 0.25 mg RNase A, and 250 mCi [a-32 P]dTTP, and then incubated for 15 minutes at 37 C and chased with 0.1 mM dTTP for 15 minutes. Finally, the blots were washed three times with 100 ml of 2 Â SSC for 15 minutes at room temperature, dried, and autoradiographed.
Northern hybridizations
Northern hybridizations were carried out according to Sambrook et al. (1989) using Hybond membranes (Amersham). DNA oligonucleotide probes were 5 H end-labeled with phage T4 polynucleotide kinase and [a-32 P]ATP (Sambrook et al., 1989) . In Figure 4 (c), the probe for aI2 RNA was a 2.1 kb in vitro transcript generated from the plasmid pI2SB linearized with ApaI and transcribed with
